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THE_PHYSICS OF DIELECTRICS IN THE USSR

G. 1. Skamavi

Engineering physice vae developed in thc USSR only after the great October
Socialist Rovolution, vhen vigorously growing socialiat industry needed new and
indopendent roads of development. This ia eapecislly true of the.nmew bransh:ql
phyaice closely cormected with the technique of electrical insulation -- the
physice of dielectrics.

Credit must te given tc Soviet physicists for being the first to begin a
comprehensive study of the processes which take place in dlelectrics wunder the
influence of an electrical field. Such a stwdy 1e not of ecientific iluterest
alone but is adsolutely essontial for ratiomal selection and synthesis of elec-
trical insulating materials.

At present, the resulis of the labor of Soviet scientiats in the fieid of
dfelectrics make it possibdle, Tirst, tc analyze in a number of cases complem
processes vhich occur in d4ielectrics placed in an elextrical field; second, to
talculate certain more impnrtant dielectria constants frem other somstants, link-
ing the baesic elecirical properties of dielectrics vith their molecular structure;
and third, to correct, at freduent intervals, he work of chemists and teoimicians
in tho oomstruction of new high quality dielectrics possessing the nucessary spscisl
: wropexrtios.

The attaimments of Soviet dielectrical phyuics significantly facilitated the
development of Insulating techniques mot only with respect to selection and syn-
thensis of inmleting materials, but aiso in constructing and deeigning commercial
insulators apd condensers, and permitted the £inding of nev independent methods
for molving practical problems.
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A, Ionic Copductivity of Dielectrics

H S 1
In 1922 - 23, work was begun by Soviet scientists in the field of dlelectrics, .
aru some of their investigations were published in world literature. Certain prob-
i
) Wd
L |

lems wers clarified concerning dlelectiic polarizationm, electrical condnctivity and
rupture of gmeeous dielectrics, dlelectric polarization and dielectric losses of
polarized liquide, and others., ZRElectrical characteristics of solid dlelectrics,
which are most important from the vlewpoint of ineulation techniques, were almost
noglected., The individual erperimental facts were known; these reluted bealcally
to the so-called "dielectric anomalies” -- a reduction of the current in s solid
dielectric as time pasoen, with a constant voltage end, in commection with this,
the opiaroat nonconformity with Ohm's law. :

Soviet physiclsts, under the leadership of A, F. Joffe who started this work,
Gealt, first of all, with the stuly of conduciivity of solid dielectrics. A gseri s
of new experimental facts and rules were ectablished which permitted the explanmation
in a general wa~ of the pature of the conductivity of aclid dielectrice and the
canses for the apparent nonconformity with Olm's law, ILater, these works were greaatly
expanded and, at present, the mature of dlelectric conductivity is significantly
clearer.

The conductivity of the greatv. portiom of dielsctrices, under conditions well
belov the rupture point, is eseentinlly of en jonic type. This wes clearly shown
by a eerles of investigations devoted to a verification of Faraday's law. For iomic
cryetale, glaee, lacquered films, etc., 1t was shown (Pruzhinino) that Faraday's law
is well substantiated. At the same time, the classical method of verifying ¥araday's
lav, established by Tuband for crystals, was developed and modifiewd for use in com~
mercial insulation materials (glase, lacquered films, mica). .The mechanice of iomic
conductivity of nongaseous dielectrice, due to the work of Icffe, Franksl' and othere.
can nov be treated from a single point of view.

Weakly attacshed ione in dislectrics, (for example, in crystals -- an ionic
lattice, in glass -- ions which are found in loose structural packing, etc,), under-
going thermal agitation can move graduaily from cne "potential pocket™ to another.
Bach ion in suck a transfer overcomes a certain potential tarrier, depending on the
structure of the divlectric. At the esame time, the kinetic energy of the lon is
spent in work of overcoming thie barrier -- the work of activation. Even in & liquid
dielectric, similar thermal agitation of the iona can take place. The ion adheres
to the molecule, enters into ite group of atams and 3o thereby attached to 1t, find-
ing itself in a potential pockst. - .

However, the lon taking part in the thermal agitation has a certain probability
of breaking avay from the molecule. In dreaking awey, the kinetic energy of the ion
16 used in working egainet the cohesive force cf the molecule -- the work of activa-
tlon. The activation emergy, inherent in the ion, is Townd not oaly in a solid but
aluo in a liquil body. After moving some distance along a "free path," the ion again
falls intc a potentiul pocket, With the application of an external electrical fleld,
activated ions are carried in the direction of the field. Tta averags velocity of
the ion in the direction of the field, with mmall fields, ie directly proportiocnal to
the fisld intensity.

Because of this, the conductivity of any n(;ngaseoua dielectric can easily be
found with the aid of the expreseion for mobility with conetants which characterize
the molecular structure of the dielectric. It can be expressed in the following way:

g2y L
- 71:7)(—6—%.—’.—& E%‘ »

vhere V squale netural oscillation frequency of the ion at the place of attaclment,
7 equals the mumber of ion-carriers of current in a cu3, {J equals charge of the
ion, % equals mobility of the ion, 5 equals mean free path, U equals activation
energy, kI equale energy of thermal agitation. For liquid dielec*rics 1t is easy
to link the conductivity with the macroscopic characteristic of the liquid-viscosity.
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The viscosity of the liguid is dependunt on the moticn of the molecules, vhich can
be treated in the sane way as the motion of iows, Wwhile fiowing, i.e., %he motion
of 1iquid layers, the moleculee are subjected to the action of certain forcea. The
regulated motion of the molecules umder the action of this force also determines
the viscosity of the liquid. .

This analogy permite the estadlishment of a relatiouship batween the conductiv-
1ty end the viscoeity of the liguid, i.e., it clarifies the long-kmown experimental
law of Val‘'den by which the product of the conductivity end viacosity is comstant
for a given liguid dielectric and dces not depend on the temperature., Tha dependence
0f fonic comductivity of noraasecus dielectrics eom tcmpsrature, im accordance with
the facts set forth, must have the following form:

Ye=Ae 8T

The coefficient A 1s comparatively indeperdsnt of the temperature. If warious o .
types of ioms can move in a dielectric, or the same type lons but attached in wary- - ;
ing degrees, then

i=N
v=Y, A" GIT
tmal

This dependence was experimentally established by Kobeko, Euvehinskiy, Shishkin,
Iazarev, and others for a grest number of gaseous dielectrics; the right aide of
the equation coneists sumetimes of two terms and sametimes of ome,

Thus, ionic conductivity of nongaseous dielectrics is sufficiently clear ir a
genereal wmy.

The quasiion of precisely what Xindz of ione meve in the dlelectric while current
flows, alsc served as a subject for research by Soviet phyeicista. I was established
that in liquid nompolarized dielectrics used for the emtire insulation (transformer
and vege able oil, solvents for imsulating lacquers -- bemzol, toluene, xylene, eta,),
the basic carriers of the current appear to be ions of admixtures -- contaminated. .
In crystalline dielectrics, light and relati weakly attached ions of alkall metals
move first. A bresk in the curve |4 v =11 <+ , found for eimpler ionic crystals
(of the type Nal|l) served for a long while as’ the subject of a lively discuselon.

A school of thought 1lsd by Smeknl took the position that the condunotivity of these
crystals can be divided into twe parte: defective conductivity which doninates at

lov temperatures, and the correct comductivity which takes place only at high tempera-
ture. Defective comductivity 1es caused by the motion of ions in the defective

places -- distorticm of the crystel lattice vhick mmst obvicusly exist in every crystal,
Smeknl coneidered this the decisive factor in defective conductivity.

Soviet physicists, however, (Gokhberg amd others) showsd exparimentally, in work
devoted to expleining the mechaniem of crystal conductivity, that the deciding factor
wvas considered to be defects in the lattice only because the orystals were poorly
cleaned and their conductivity depended on contamimated ions.

Frenkel's work in 1926 was the firat theoretical investigation of the natursl
conductivity of crystals.

At present, it can be considered ae establiched that there are two possibls basic
tionz of ion transfers in crystals, nawely, {1) transfer of iome between the
units with a further movement in the interlattice apace, and (2) ths jump from one
unit to another -- unoccupied unit (movement of "gaps”).

The predominamce of one type of movement or another is explained on the dasis
of apprainadble calculations of corresponding differences in emergy. For alkaline-

Balids orystals 24 hao bean estahlished that the moat mrohahle 1a tha gap machaniam

of conductivity.

[
)
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The ccnductivity of cryetals at lov tempdrature depents to a great degree on
the yrezence and naturs of admixzture. Admived lona sre geparnlly more waskly
attached than the basic lattice dons since tHey ar= located, for the wst part,
aitker in inter-lattice spuce or in defective spots, Omnly with o gap type of con-
ductivity -an & small quantity of admixtuve ions be located in undccupled lattice
unite and (due to the high degrse of attachment) without caueing a noticeabls in-
croese of conductivity. :

1t 18 very difficult to isolate experimentally the motion of air-ixed ions
from that of besic lattice iomns at the defective place. In comnection with this,
the conductivity mechaniam presented by Smekal, even 1f it could take place, ia
by no means the only possibility. ;

A yH0d deal was done by Soviet physicistz in studying the condmetivity of
glaas, Shukarew, Myuller, Markin, and others. In pure gleeg having anly one vit-
reous oxide, there are moc ions whose movement would ellow copductivity. Actually,
the conductivity of such glusz ie nearly negligible. Commercial glaes has a com-
plex camposition. Besides the vitreous oxide, it contains other oildes of allkaline
and alkmline-earth metals whose yresence determine the necessary physical-chemical
and technological characteristics of the glass. The comductivity of coomerclal
glass 15 primarily determi~ d by the pressnce of alkaline metals.

If, in the composition of the glass, there is introduced an oride of a eingle-
valence metel (Key0, K;0), then, in the formation of the glasge, am atom of oxygen
of the oxide cawhines with an atom of silicon or boren &nd occupies ome of the
apsxes ¢f ine elementary nucleus. The atom of the alkmline metal, having only one
valence tie, compecte with only one atcm of oxygem. Ae a result of this, at the
place where the atoam of the single-valence metal is located, a disintegration of
the siructure occurs since . has no poseibility of combining with another atom
of oxygen, mainteining the network. The disintegiration of the structure is showvn
by the fact thet a region of increased potential emergy forms around the atom of
the single-valence metal. Thus the introduction of an oxids of a singls-valence
metai caumes (1) the disintemration of the structure of the glass, and (2) the
prosence of weakly athached atoms (or fons) of the eingle-valence metal. Both
these factors greatly increase the confuctivity of glaes.

The ixtroduction of bivalent metallic orxides (for example, Ca0, BaO, etc.) not
only does not increase but can even decrease the comductivity of the glass. The
atom of bivalent metal, due to the second tie, can cambine simultaneously with two
atoms of oxygem. Thus, in the structurel network of the glass, disintegragion will
not take place. It can also happen that th: bivalent metallic atom will join the
enies of tne disinvegrated metwork and eliminate the looseness of structurs of the
pure glass. A eystematic study of the influence of the composition of glass on its
conductivity was conducted by Soviet physicists. As a result of their work, not
anly vers the above-mentioned viewpoints established hut also a series of interest-
ing experimental data was obtained which permitted a ratiomal approach to the selsc-
tion of the desired type of glass.

Soviet physiciste, even in the first years after the revolution, gave speclal
attention to the secondary appearances which are related to the pacsage of & current
through a 80lid dielectric at low tewmperatures and vhich were especially purzlins
for a long time. The matter comcerns the reduction, with time, of current paseing
through a dielectric with a constant applied voltage, and the deviation from Om's
lav. The offect wag dlscovered more than 50 yearas ago by Plerre Curie. The woik
of tbe Soviet physicists managed to clear up its character to a remarkahlv dagres.

Twenty-five years ago A, F, Ioffe, in his investigations on quartz, 1aid the
foundation for the phyeics of dielectrics, perticularly in studying current decrease
.. solid dielectrics and effects related to i1t. In this investigation he was the
first to understand the high-voltage polarization of solid dielectrics and was drawn
to an explsnation of the nossibility of accumlation of epace charge in a s0lid body.
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At present, due to the work of Gokhberg, V. A. Ioffe, Sinel'nikov, Venderovich, :
and others, thers 13 2 peasibility of dividing o0l1d ddelectrica, according to the T

nature of the current decrease, into a serles of types: R

Firet type--Crystales with a high degree of symmetry; in clear crystals, in
the absence of defecte in the crystal lattice, current decrease does not take place
and the distribution of potential is linear. i

Second type--Crystals of the calcite and seltpeter type: an abrupt drop in
current with time; space charge distridbuted mostly in a thin layer at the cathode,

Third type--Crystels with a low degree of aymmetry (guarts, mica); a signifi-
cant drop in current with time, with a very complsx distributicn of the space charge, . ;o
and posaible molding. L3

Fourth {ype--Amorphous ané ceremic dielectrica: the drop in curremt occure 1n -
very short time periods (the establishment of dielectris polarization), and slso at
high temperaturee (molding): the drop in potential is cemtered basically in the
molded layer.

Fifth type--Noumuniform dielectrice (commercial lamimated insulating materials):
the drop of current is related to the accummlation of charge on the surfaces of the
nonhamogensous material (the classical Maxwell case).

By Ioffe's work it was shown that if tue electramotive force of polarization,
which arises due to the accumulation of space charge, 1s caloulated, chen the re-
sletance of the dielectric in weak fields ies independent of the vcitage.

Actual deviation from Obm's law in solid dielectrice begine in very stromg N
fields. L

Following the reasoning on the mechanism of ion movement in a dielectric, dic-
cussed above, it 1s not difficult to obtain an expression for the currert density in
& nongaseous dielectric in strong fields, i,e., in those cases when the work of the
fleld along the free path is equal to the energy of thermal agitation:

. n / a a_Ez "
&7 vqlsze.—U/J—TkE'f"gﬂ%ﬁ—ra. “ )

R (The same designations as above).

The density of ths current is no longer proportional to the voltage of the
£3.14 but instead depends on it according to a complex law; the conductivity in-
creases with an increase in the field voltage, vhich agrees qualitatively with
Ful's known experimental law,

In strong fields (for glass, for example, higher than 2106 volta/cm), eleo-
D tronic conductivity, which ie negligible in veak<fields for moet dielectrics, 18
. superimposed on ionic conductivity.

- The tsmperature coefficient of conmductivity changes in strong fields. This
N follows from the expressior for 2onic conductivity

7’=~//E=67n7 vq“S‘e“U/"'T(/-F% +---)J

N [
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Ag 18 cleeaxr from thie expreésidn, the conductivity, as the voltage of the
field incressee, begine to deperd lesa on the temperatuge.

Besiden, the electromic comductivity which appeared in strong flelde has a
different temperature coofficient than the ionic conduetivity.

The questior of electronic conmductivity of dielectrice in strong fields le
cilopely comnected with the electrical breakdown of dielectrica. See below.

The dependence of electronic cenductivity on the voltage of the field was
firet exposed in the theoretical work of Ye. I. Frenkel.

Dielectric Polarization and lossesg

B.

The vast amount of work by Soviet pbyaicists in the area of dlelectric polari-
zation anl losees can be divided as follows:

The study of sbmormal polarizastiom of Rochelle salt and piszoelectricity;

The study of dielectric polarization and losseas of polycrysm‘lline dielectrics;
the discovery of & new type of polarization in barium titanate;

The study of dlelsctric polarization and losees of amorphous dielectrice and
-high-moleculsr welght compounds, which was devaloped subssquently into an elaborate
investigation dedicated to the study of amorphous compounds;

The study of dielectric losses and polarization of glass and ceramic materials
with the practicel objective of obtaining new high-quality insulating materials;
these projectes are closely tied im with the work of Soviet chemists, technicians
and engineers in the study of dielectric lossee of a great number of cammercial
iasulating materials (oil, lacquers, various compounds, fibrous materials, plastice)
which will not only permit the development of new materials but the improvement of
known materials ae well;

The study of dielectric characteristice of 2 new group uf insulating materials
consieting of eilico-organic compounds and the creating of insulating materiels with
higher thermostability.

1. The fundamental work of Kurchatov, Kobeko, and others, dedicated to a de-
tailed study of Rochelle salta, permitted the establirmernt of a series of rules
vwhich, to a large degree, explain the nature of their abtmorwsl polarization. A
group of dielectrics were also uncovered--ipamorphous crystals containing Rochelle
salte-~-having characteristice similar to Rochelle salts in regard to their spon-
taneous pelarizat’ m and dielectric hysteresis.

These materials wsre called piezoelectrical,

Kurchatov first presentsd the theory of pilezoelectric polarization which quali-
tatively expluine the established rulea. The theories of plezoelectricity, however,
are not completely subatantiated ae yet, Neverthele , the viewpoint of Kurchatov
and others, In vhich it is possible to rotate polar molecules in a so0lid substance,
wag very fruitful., It was developed further by clarification of a series of rules
vhicl): were found for conmercial dielectrics (fibrous materials, oleowax, halowex,
etc,).

2. A good deal of the work carried on in the recert yeare by Soviet sciemtiste
(Bul, Skanavi, Gol'dman, Barzakovskiy, Bogorcditekiy and others), was dedicated to
the study of dielectric polarization arnd lesses of polycryetallino dielectrics, pro-
duced as & result of reactione in the so0lid state occurring at high tempsratures.
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The most interesting of these projects pertaing to dielectrics which contain titaniwm
dioxide in the crystalline furm of metallic rutile or titanate of the second group
of Mendeleyev's periodic system. : ’

The rsason for the high diel:ctric coefficient of rutile (T'10,), known from
1902, and perovekite (CaTi03), first ectablighed by Soviet physiciste, was explained
by their theoretical work (Skanavi).

In complex crystala, as in rutile ame peroverite, neither Born'e nor Clausius-
Moscitl's formulas car Do used to caleulate the dislectric coefficlent. . Born's
formula je based on the fact that the local field is equal to the avevage macro-
gcopic one. In Calpsing-Mosctti's formula, the internal field should be equsl ¥
the Iorentz trield (_‘%'.L where I is the electrical mament of & unit volume).
Calculetion of the internal field in the crystal lettice can be made in the first
approximation if it is based on the so-called "point" model of amn iomic .rystal
(pcint %oms, which acguire dipolar maments due to the fiaeld). A method of cal- .
culating the intermel) field, tesed on Lorettz's method, lesde 1a the end to the <
following gsneral equatiom for elsctronic polarization in place of the Clamsiuns-
Mosotti's equation,

E—~1 _.

e-+27 ~

7N Dt L N ajak(mpcs+ncig— 24~ nickt)+ 0 (1)
TN y=/ SR/

- 3 e | <)

/ —;“1‘0; + —i_};l aJ'Gk(cJ‘/'Cé b —Cikhy) +0(a3)
vhere £ 18 the square of the index of refraction, E is the number of molecules
in one cu cm of the crystal, o, 18 the electronic polarizebility of the Jth
ion, ny the number of j jons in the xulecule, @ 1s the number of ions of different
goometrical distridution in the lattice, C,y, Ciy and Cpy are the so-called
structural coefficients of the intermal fig!ld., iqyendu only on the geometry of

* the lattice and determined by the given polarizatiility of the ione and the given
external field supplementing the Lorentz inmbernal field which 1a created br the
polarized ions which surround the ion in question. o(x3) designatea the emsll
terms having three and more mmltiples of the polarizability. If all the struc-
tural coefficients are equal to zero, then the abowve formula bscomes the formula
of Clausius-Mosotti,

€—| ,
——s+2=%wNZ”jaJ' (2)

The salculated structural coefflcients for rutile and perovekite latuices
show that formula (1) in contrast to the Clavastum-Mosotti formula, is substan-
tiated ful.iy by experiments. With infrered and lower frequenciem, it is neces-
sary to take into account, in addition to the electremic polarirzation of the ioms,
the dirplacemsrt of positive ioms relative to the : 4ve. In this cdss, for-
zmle (1) for rutile appeers ae followe, if the mmall terme are disregarded:

ol o AN g 20, e
#+2 3 I+ [easfop—=en®y ’ (3)

waers o4 38 the polarizability of the ionic displacement, relative to a titanimm
ion. It is clear from (3), that even vith the imtroductiom of sBll Xy, &
abruptly increases, since the numerator increages and the denominetor decreases.
The physical nature of this effect consiste of the fact that with ionic displace-
ment there arises a large sdditional internel field in the same direction as the
extornal field, whioch aids polarirzation. Because of this, a emall polarirability
of ionic displacement ( x; ) leadsa to a high valus of dieleotric coefficient.
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It can be considered that the high dlelectric coefficient of crysials of thas
rutile, and rutile and perovskite type, is greatly dependent in the first piace cmp
the high electronic polarizability of the oxygen ions. With a high density, this
results in a high index of refraction in comjunction with a large additicmal im-
ternal fleld; directed toward the extermsl field, and with an adbruptly rising di-
electric coefficient with the coefficient the change frem light to infrored fre-
quencies (from 7.3 to 173 for rutile), oven with smll ion displacement.

An cutstanding achievement of Soviet physiciete (Bul and Gol’dman) was the
d4scovery uf the extracrdinmarily high dleleciric coefficient ( € equals 1,000 -
2,000), whicu paeses tlwough o shayp maximum whon the temperature is iancreassd,
and dielectric hysteresis of barium metatitanate (BaTiO,). Detailed investiga-
tions of the cheracteristics of this type of dielectric disclcsed a new and very
interesting type of dielectric polarization. This polarization is similar t- the
riezoslectric effect but 1s distingniehed fram 1% by a high value for £ iu'a
very wide temperature range (from temperatures of liguid hslium %o plus 250 to
300° £j, The extraordinarily high dielectrlc coefficlent of barium metakitamste
and also ito sharp depepdence om the temperature and the voltage of the electric
field opsn up meny possidilities for various applicatioma in electricity amd radio.
The theoretical treatment of the polarization mechanism of barinm metatitanate amd
plezoelectric effects was later developed by Gimzburg. He shoved shas a phase
transition of the second order, occurriang at a defimite point (Curie poims), cam
cause the dielsctric coefficiert to tend toward infimlsy at thie temporature, if,
in this transition, spomtaneous polarization disappears. Roemtgen’s iavestigation
of the barium metatitamate structure, at temperatures above amnd below she Curile
point, apd measuring the dependence of the thermal capacity on the temperature,
showed that in barium metatitamate, at Semperatures which correspomd to the gharp
maxtmum £ (aroumd 80° C), the phase tramsitiom of the secomd crder can take place.

Investigation of materials of the system Ti0, - BaO (Skapavi)
showed that a change 13° the relation T405/Ba0 shifts the Curie point and
1o the dielectiric ooof?lcient. In barium tétratitanate (4 Ti0p - Bad) £ 2 30
nrc a very 1istle with tempercture, making it yossible to use 1t for tem-
perature-stable comdemsers, The work om the dielectric characteristics of rutile
and 4itamates uncovered a wide ramge of praciical products which were developed
during the war emd which are beimg developed mow. The ceramic comdemsers vhich
posseszed these glvem cheracteristics were obtained by combiminmg titamates of
various crystallime structures, having differest dilelectric coefficliemts and dem-
perature cosfficients. Rules were eskablished aamd substamtiated, by Roemtgenm amd
other imvestigators, which determime the characteristics of thie combimed poly
crystallime material (Bul, Skamsvi).

Dielectric losses im polycrystallime dielectrics, which were also studfed
very imtensely, depend on the condition and quantity of the vitreous layer.

3. The work of Soviet rhysicists (Kobeko, Kuvshinskiy, Zhurkov, Shishkin,
G. Mikhaylov and others) in the field of dieleckric char=cteriatics of amorphous
bodies was fruitful not only wish respect %o the thecretical explamation of the
proceases occurring in an amorphous bodly, but also from the practical viewpoins.

Investigations on the relation of the loss angle and dielectric coefficiens,

conducted over very wide temperaiure intervais for a whole series of aupercicled
4quids consaining polar molecules (glycerin, phemolphthalein, iscbutyl, alochol,
e%c.), showed that the loss angle passes through a clearly exprossed temperature
m.rimm, Thev also showed that the dielectric coefficient changes with Sempera-
ture similarly to polar liquids. This was found at temperatures inm vhich the sub-
stauce vas found in a solid--amorphous condition. An increase in frequency shifss
the temperature maxiimm toward higher temperatures, which also takes place in
polar liquids. Recently it was shown (G. Mikhaylov) that in solid-amorphous
polymers containing polar groups the loss angle also has a second weaker tempera-
ture maximwm in the low temperature region.

]
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4)1 this definitely substant.ates the poselbility of rotating polar groups in
g0l1d gnbstances. )

Further work showed that the chief and basic sources of dielectric losses in
polymers were polar moiecules, polar radicals or polar groups. If they sre not
hold by the polymer, then the dlelectric losses in 1t are very emall. A clear ex-
ample of thie 1s polystyrene which has insignificant losses. The least contami-
nation of polyetyrene by polar substances will suddenly incresse the loss angle
and glves the whole process the eviden’ character of dipoiar loss.

Research work on the mechanicel cheracteristics and viacosity of amcrphoun
bodles led to the establishment Jf some interesting rules. It was 1llustrated
that the curves showing the dependence of electrical conductivity, viscosity and
tize of dlelectric relazation on tempearature are aimilar to each other. (The time
constant of dielectric polarization was evaluated approximately as I/27¥, | where

¥ 18 the frequency corresponding to the maximum product € tg § at the given
temporaturs). The congruence between the indicated relationships brought to mind
the existence of the dsep commection between dielectric and mechanical relaxation
of an amorphous body.

The presence of thbe comnection was substantiated by parallel measurements
of the dielectric coefficlent and plastic deformation for amorphous bodies (Eobeko 5
Euvehinsldy, and others),

Thus, one can assume that the digplacements and reversals of dipolar groups
are related to the displacements and reversals of whole molecular groups caused
by the plastic deformation,

Research on amorphous conditioms made possible the develomment of nev high-
quality insulsting materials. Ome of the first ot such materials was the Soviet
polystyrene which has vory low dielectric losses (& loss angle of 0.5 - 1' at
high frequencies), very high volumetric resistance , and other waluable character-
iatics, in particular ease of manufacture.

The study of dielectric and mechanical characteristics of rubber (Koboko"
Ponomarev) led to the develoment of an wnusual sulphur-free "ebonite-esiapon
vhioh 1s the product of polymerization of rubber and which has great thermosta-
bility, is easily workable, and has a comparatively amall loss angle (1 - 2' at
high frequencies). This material in all respects surpasses common ebonite con-
taining sulfur. Each atam of sulfwr is attached to 2 atoms of carbon and at the
same time, under the influence of carbon and hydrogen atams is strongly polerized,
forming a permenent electrical moment, The mobility of the hydrocarbon chainm 4n
rubder makes it possible to form a polar "sulfur bridge" to achieve the rotatiomal
oscillations which occuwr in thermal agitation. The electric field orients the
"sulfur dipolss,” The process of establishing this orientation at high frequencies
leads to clearly expressed dipolar losses. The absence of sulfur in eskapon and
the high degree of ite polymerization appear to be the basic reasons for the small
Gielectric losses of eskapon.

Soviet scientiets have beem working for some time in the field of theary of
dielectric losses. By broad and systematic studies it wes established (Iazarey
and others) that Debye's classical theory of dipolar losses 1s applied qualita-
tively to a majority of the amcrphous commercisl dielectrics above their solidi-
fication point (for example, oils, lacquers, compounds), but this theory does not
give & quantitative confirmation, experimentally, for the indicated dielectrics.
In connection vwith this, a series of »'ewpointa were developel ca ‘he mechaniem
of dielectric lopses in various clesses of dlelectrica whizh has greatly widud
the developmuent of new dlelectrics with small losses.

Most of the work relating to the theory of dielectric losses ir solid di-
electrics vhich hes been published in foreign iiterature has a purely yphenamsnal
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character. The sutho:r preserite this o that asy.:.L =¥ the functiom f.1 current
; drop with time end, weing the ¥newn principle of cupeipositlon of currentn.in

d1elecirics, vith the aid of more or less exact and cumbersoms calculations, ob-

teine an expression for ¢ and tg § of tne dislectric, depending un frequency.

Soviet eclentists made attempts to develop theories of dielectric loseee,
based on apecific structural ckaracteristics of the class of dlelsctrica under
investigation,

i, The measurement of dielectiric losses in cryatalline dielectrics (Bogoro-
Altekly and Malyshev) established that the dielectric losses in crystels have a
purely omic character (conductivity losses). "On the othsr hand, in a series of
anorphous dielectrica, which do not contain yolar groups and molecules, losses
were uncovered at high frequencies which wers mot of the conductivity type (the
work of Kobeko-Aleksandrov, Skanavi, Bogorciiiskiy, Malyshev, Fridberg). The
preeence of these lusaes 1s of grest practical significerce eince they limit
greatly the use of & whole saries of amorphous dielectrics (glass, chisfly) for
high fraguemcy insmlation. The work of Soviet physicists (Ecbeko, Skanavi) in
studying the mechaniem of dielectric losses in glass led to the discovery of a
new group of effecta in solid-smorphous dielsctrice which were similar to those
profuced by the rotation ¢f polar molecules. This new group of effects le caussd
by the gradual shifting of weakly comnected ions or charge groups.

The movement of such charged particles wnder a constant voltage brings sbout
& decressing sbsorption current with time, and with voltage, brings about dielec-
tric losses of ihe relaxation tyvpe. k

The absorption current in a s0J1d dielectric with the indicated ionic move-
ment should, as shown by calculationas, fall with time according to a simple ox-
ponential law, whereupon the time constant of the current drop is propcﬁ'tiaml to
the relaxation time of the weskly commected ions. It 1e equal to T= £X ,
where U 1s the activation energy, < -nmatural freguesacy of oscillation. However,
to describes the experimental data more adequately, we mey use an exponential
function of the form I equals A(t-+ & )“B which reflects tho process in the limited
time interval (A, # and n are sonstants).

Thie discrepancy is sxplained by the fact that in a real dielectric there are
a number of groups of ions with different activation energies, i.e., with different
relaxation periods., In addition, a number of other processes occur (e.g., accumu-
lation of space charge) vhose combiration complicates the law defining the drop in
absorption current.

The use of the exponsntial function of current drop lesds to cumbersome mathe-
matical computations and doee not help very much in explaining the mechaniem of di-
electric losses. The expomential function of the drop reflects cne of the processes
(1n many cases the prevailing ome) exiating in the dielectric, The theory of lomsses,
built up primerily on the use of this function, even though it cannot claim to be
rigid and complete, comnects, as Aces Debye's for polar liquide, the valuss of the
dieleciric losses in & solid-amorphous dielectric with ita molecular constants.

The vork o Soviet physicists, dedicated to the use and developrent of the
theory of losees in solid-amorphous dislectrics (chiefly in ghss) helped to
create new viewpoints on their mocharimms and, to a greater degree, contributed
to the discovery of new methode for cbtaining glass with small dielectric losses,

A serSes of interesting facts vere ostablished (the work of Kobeko, Skamavi,
Martyuehov, Gladkukh end others) relating to the influence of the composition of
the glase on its dieleciric losses. These facts comcern: (1) the "neutrelizing”
effect wherein the dotrimental effect of one alkaline metul can neutralize the in-
troduction of the axide of another alkaline metal (this neutrelizatiom is =0 great
that an allmline glass can have ss small 2 losa angle as pure glass vithout extra-
necus ione); (2) the "crystallizing" effect as a result of which crystallization
of the amorphous dielectric (sugar, glass) abruptly lowers its loss angle at high
frequencies, etc,

IR

. d
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This work permitted the claseification of dlelectric lossses in glase, which
can be coneldered as comsisting of thres parts: (1) conductiviiy icsses which : ]
appear at low frequencies and high temperatures, (2) relaxation losses which mp- ol
poar at high frequencie: and (3) structural losees, whose lose angle does mot de-
pond on the temperature. The latter appear at high frequencies and low tempera-
tures. Their mechanism is not sufficiently clear as yet,

.

C. New insulating Materisls

The work of Soviet physicists, chemists, and technologiste in the study of
the dlelectric properties of various types of materiale has served as a theoretical
basis for cbtaining new insulating materials with high insuleting properties,

a9

This conserns first of all ihe dsvelopment of mev inorganic malerials (glaas ’ r
o an¢ ceramic) whose application plays an sspecially important role 4a kigh frequency -
S techniques, since they show considerably smaller dielectric losses then many organic
materiale, amd very high thermoatability.

The resesarch comditiors in our country ars very favorable for complex projects
in which the activity of the physiciste is in close coordmation with that of the
chemists and the technologists. Electric insulation i3 the very f£icld of asciensze
and technology where such couperation is indispensable ., L &

Cersmic materials exist in crystalline and emorphous phases. It may de that
the dielectric losses in cevamic materinls are, in the first approximation, the sum ‘B
of the losses in eack of thise phases. :

Ap wagy indicated above, losses in crystelline dielectrics are dus to conduc-
tivity, and therefore are very small at high fraquencies. Consequently, tke main
source of dielcctiic lossms In ceramic materials ie vitreous interstratification.

- - The series of rules which has been established for dielectric losses in glass

: permitas a systematic approach to the selection of the camposition and structure
of ceramic material wvith small dielectric losses. Thre principles for obtaining such
material are as follows: (1) the material must have e fine cryetalline structure
vith a minimm of vitreous interstratification; (2) the vitreous interstratification,
ao far as possible, must not contain alkalies, or the effect of these alknlies must
be neutralized by heavy /metallic/ oxides.

In accordance with these general mrinciples, a series of high-rrequency ceramic
mterials with amall dielectric losseas has been developed., The first material of
this group, produced in the Soviet Union and used videly, 18 a ceramic material
based on the mineral pyrophyllite (Yapoyev, FPopov). 4 mixturs of pyrophyliite and
clay possesaes a number of properties that are of great industrial importance, in-

. cluding great plasticity up to the +ime ¥ilning takes place, which permits the use

' of all methods of ceramic mamufacture (machirs molding, extrusion, presesing) which
have a long Lilning interval. In addition, ceremic materials with a pyrophyllite
base show, ir comparison with ordinmary porcelain msulgtors, small loeses at high
frequencies (8 - 12 minutes at a frequency of —~— 10 ¢ycles).

By putting heavy /metallic/ oxidee in insulating porcelain inestead of feldgpar
it has been possible to "enrich” 1t considarably and to obtain tho so-called radic
porcelain, not inferior to pyrophyllite in dielectric properties ard teclmologically
close to common porcelain (the work of Bogoroditekiy and Fridberg).

Work on obtaining ceramic materials with very small losees spd other special
properties (o.g. » & high dfelectric coefficient end etability during temperature
changea--for condenser ceramica) has been carried out intensively.
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A sariea of high-frequency materiales with smm1i <08ges were developed, based
on aluminum oxide (Bogoroditskiy » Odelevekiy, and others). These materisls have
very emell loss angles at high frequencies { § equals 1 - 37,

Special attention has bsen glven to the
high~frequency condensers. Bogoroditskiy,
mterial breed on titantum dioride and cla,

€ eoquale €0 - 70 and & relatively large
variation:

preparation of ceramic materials for
and others, prepared ":ikond,” a ceramic
¥ with a high dielectric coefficient
negative tomperature coefficient of 18

I d ) -
ra ﬁ == §.j0—1 //degrce

Thie materisl is &n appropriste dielectric for epectal condensers which
for frequency wvariztion during temperature change in radio circuitas,
negative tempsrature coefficient of the capasitance,

=
ccupensa tos
dua to thw

Muring the war the importance of high-frequency crystalline ceramic materialy

inoreesed even more, due to their low cost and abundant supply of the ore used to
produce them, and also the posslbility of regulating the dielesctric coefficient and

its temperature coeffi.lent by varying the coamposition and gtrusture of the crys-
talline phase of “these materisls.

A ner ceramic material for compensating radio condensere based on calolun and
magnosium titamtes is "t1d01" (Slmmavi), with & stiil &

13201‘ ndgative tetporuturo
coefficient of the dielectric coefficient than t1kond 1 = =10 + 10-4 1/degree) s

and a high dielectric coefficient ( £ equals 70 - 80). loss angle for tidol is
2 - 3'. A series of materials based cn magnesium titanates were developed (Vul,
Skanavi, Barakovskiy, Bochkarev). Thess coramiC materiuls vere intended for radio
condensers of large and small reaciive Power, They .show a very smll loss argle

© equale 0.5 - 1' at high frequ-ncies), which is largely independent of frequency
and temperat.re; a dislectric coefficient & equals 14 - 16; and, what s espscially
importent, stadbility of dielectric cosfficient at high temperatures:

A de - (0.4 -~ 1.3) - 104 1/degres
ol i

A meterial has teen Prepared based on titanium dioxide and clay with almeinum
oxide, called "tiglin" (Smolenskiy), also very useful in radio condensers. The

Giscovery of the Poesibility of regulating the dielectric coefficient and “ts %em-

perature coo{ﬂciont in titanium ceramic materials by epplication of Likiensker's.
1=,...¢4.|._4_ ..

garitimic (Vul, Skanavij law, 18 of great importance. In combining crystalline
mterials of different structure s 1t 1s possible to aroid the formatica of nev
structures in the caking proceso by special wethods. In these cases, it is possible

to calculate beforehand the dielectric cosfficient of the coabined material by the
dielectris coefficient components:

. 18e :x1gs] + (l-x)igey,

where £3 and e, are the dielactric coefficients of the camponents and x 1s the

volune comcentration of the first component, Differentlating this equation with
Tespect te tempermture gives

A o4 =41 48 o (1-x)1 dza
Ear Xer w3

i.e., the temperature coefficient changes linsarly with concentration,

By comdining materials with Dositive and negative tmmporatuves coefficionts & ,
it 1g possible to obtain a given dielectric coefficient with a areat degree of ac-
curacy, and, vhat is especially important, a given temperature cosfficiont of the
dielectric coefficient.
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By thie method zeny condenser ceramic mterialﬂ have been developed with
various temperature coefficients € from +1 « 10~% to -12 . 16~ » including
temperature coefficlente £ near zero (Skmmavi, Stepanov, Voronkov, Bogoroditekiy,
Smolenskly, Odelevekiy, Nekrasov, and otherse).

Following the diicovery of the unusually hiuh dielectric coeffictent of barium
metatitarate (Vul apd Gol'dman), ceramic crystalline dielectrics based on barimm
metatitanate were manufactured with a ocuper-high dielectric coefficient, 1.e.,
from 700 to 1,502 at reom temperature (Skamavi, Voronkov, Odelevskiy), Work has
been done cn ths use of those materials fn various £1s1ds of electricel and radio
engineering. Cryetelline ceramic dielectrics bave been produced bdased ox barium
tetratitanate (b T10, + Ba0) and similar campounds (Skanavi) with a very small
lose angle et high frequencies, a dielectric coefficisnt of about 30, i ure
coefficient approximating zero, and a very high volums reststivity (10°7-1010 chm/em),
These dielectrics mmde it poseible to mmmufacture thormostable ceramic radisc con-
deansera of I igk specific capacitancs,

There have algo been a number of achievements in the Soviet Union in the field
‘of application of glase as an insulating material,

Firet of all, thers are tho special types of glase used in redio engineering,
{8.g., for high-power radio tubss). Glmss No 23 and Glass No 45 have smell di-
elestric losses, in addition cvo the necessary tecknological properties. Yotassium
pyrex (Bogoroditskiy amd Friberg) hes been manufmctured with a very amall loms angle
at high frequenciss and with thermostability ss well.

Chernyak, Aslanova, and others have solved the baaic mrhlems involving glase
fibers and glase fabrics in the heatproofing of electrical insulation. Further
research 1s peceesary here, especially in the selection of more suitable glass.

Andrianov, Tareysv, Chernyak, and other Soviet scientiste have done comsid-
erablo research on the thermoatdbility (heatiroof qualities) and beat conduction
of insulation; furthermore, Mikhaylov, Bogoroditekiy, and others are studying the
hygroscopitity of ~ i1lectrics.

The producti... apd application of glyptal lacquers have greatly increased;
.. coatings of these lacquers possess higher heatproof qualities than the coatings of
* shellac and asphalt lmoquers. In addition, the dielsstric properties of glyptal
lacquers aro of a ¢ atively high order.

Asphalt lacquers, which are replacing scarse shellac, are again being wilsly
produced and employed in iniustry, especially for use in electrical machines.

Among the new plastics, those deserving greater attention are polystyrene
and eskapon, already mentioned. Anirianov and Gribanova have sucoeasfully developed
primarily new olectrical insulating materiais or the basis of siiicone compounds,
These materials, liquid and solid, combine within themselves the propsrties of or-

¢ compounds (plasticity, elasticity, etc.) together with high thermostability
up to 300° C). The indicated materials were developed as a result of extensive
studies in a new branch of science, namely the chamistry of silicopes (by Andrianov).
This short account does not exbaust the list of deveiomments seen 1A recert years
in the fleld of new ineulating materials. :

D, Buptupe of Dislectrics
L]

. We will now exumine the studies of Soviet physicists on qlelectric rupture.
9. The punoture voltage for insulators deperds on the eiectrical stability of the
o insulating material and, to tiae same extent, on its structure, vhich determines

: tle distribution of the electric field in the .psulation and the cconditfons of
heat doveloping. Kupture should be studied not in modcls alene, but under prac-
: tival operating conditions.

- 13 -
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In the Soviet Union the theory ~f rupture was begun 20 years ago (Semenov,
Pok, Bragin, and others). Broad experimental studies established the factors
characterizing thermal apd electrical rupture of insulation, Criteria were
establighed for classifying rupture in each ﬁmn% cass, in a series of 43~
electrice, and ressarch was carried out on the charecteriatics of rupture (Bragin
snd others). :

Fok, Semwnov, and others first gave a strict theory of thexrmsl ruptwre which
wae successful in practice.

1. Thermsl Rupture (Shock) of Dislectrics

Thermal rupture usuelly involves two groups of probleas, interesting from
the viswpoint of application of this theory. The firsi group delermines the break-
down or puncture voltage, which in tlo case of thermal rupture, can be treated as S
that maximum voltage (critical voltage) begiming with which the staticnary state P
is impossidle, When the oritical voltage 1s attained, continuouns heating begins :
in the dielectric, which after continuoue use for some Lime leads to thermal rupture.

° The second group determines the "time of rupture”; that la, the time 1t takes the
dielectric to break down after reaching the oritical voltage. Both groups of prob-
lems are of very great engineering interest because:

a. The calculation of the critical voltage of thermal rupture meies it
poesible to select propsrly that quality ard cometruction im the ineulation which.
assures a fuil useful 1life.

b. The calculation of the "time of rupture” at voltages higher than the
critical permits one to calculate, fo. any given selection of the insulation, sta-
v4lidy versus short-tias sissss-voltage. The first group Lss been sulvsd and Wis
results have been used for a number of years. The second group has been solved
basically in recent years,

Thermel rupture in a dielectric is due to the fact that the gemeration
of heat from dielectric loss (or comduc’'dvity at constant voltage) increases as
the dzelectric 1s heated. For most dielectrice, the liberation of heat dspends
upon temperuture in s limited interval according to the following exponential law:

Q: Qe (7-7,)

vhere T and T, are temperatures and & is the temperature coefficient of conductiv-
ity or the taugent of the angle of loes.

Thermal rupture ie solved by integreting ordinary well-kmown equatiome of
heat conduction, euch as:

. cpg_z-—_—_KAT—f' Q.

vhere ¢ 1s the specific ggat of the medium, @ 1s the density, X 1s the heat
condustivity amd Q = 7'ES 1p the specific amount of heat liberated ( 7 is the
conductance and E 1s the [ield intensity) or for the mniform cese often mst in

" practice: |
aT 92T
CP ot “Kaz —I-a

In the solution of the first group of yrchlems (of £inding the critisal puncture
voltage), only the equilibrium state 1s examined ( -g-;‘f_:s O ) amA hence time is
maturally excluded from the examination.

- Tal 4 - i
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The differential esquation
- 2
ke T+ q=0

serves basically to calculats tke critical veltage.

The trameition of the dielectric from the thermal etats of equilibrium
40 the nonequilibrium state (during increases in the applied voltage), which ap-
pears at the beginning Of thermm? rupture, is characterized by $E=p ,
where E 1z the £ield intensity and Tm 1s the maximum temperature of heating
for a given voltage.

-
When *5-,—-5-—,3 7, -te have the squilibrium state; and when aE,., 20 s WO

have the nmequilﬁrima state of the dlelectrioc, The aquatiocn == ¢ thus ap-
pears as the condition necessary for rupturs. Solving the above forential . N
squation with the proper boundary conditions and using the necesssary rupture com- ) s

dition formmlated ebove, w3 can £ind tho expression for the puncture (oritical)

voltage of thermal rupture. FPor example, for a wnifarm altermating field intensisy,
we have:

=v/605K
‘ Upu;cl‘ure mE' 106 C'O (C)

where £ and 5 are the dlelectric permesbility and angle of loss, respoctively,
of the dlelesctric at ordinary temperatwres; f 18 the frequency; P (¢) 18
a rather camplex funotion, whcee approximate value 1igs

C=K2Ah

K(K+2d)
(K ant are the heat conductivity, respsctively, of the dielectric and
eleoctrede;” h 1s the half-width of the dielectrio; 4 1s the vidth of the

electrode; A 1s the coefficient of external thermel conductivity; and a. 1s
the temper~ture coufficient of conductivity or the tangent of the angle of loes).

This formula, like the previous one (the case of cne-aided cooling, A oy-
lindrical condenser, etc.), has the grast advantage that all quzntities emtering
the right side of the equation can be accurately kmown. Bscause of this, its use
in any practicai case does not, theoretically, bring about any difficulties. It
is only necessary to calculate correctly tie cooling comditioms or lawa.

Investigations established that if the cause of the rupture is hsat, them
for sufficlently slov increase in voltage the experimental value of the puncture
voltage corresponds vell with the theoretical calculated value. For rapid increases

in voltage, the experimer<al value of the puncture voltege exceeds the thecretical
value.

For moat dielectrics thermel rupture is also dependent upon extertal fade
tors; in particular, upon frequency and temperature.

At high frequenciss tle rupture of most dielectrics has a clearly expressed
thermal character. Ouly certzin dlelectrics (namely; quarts, the detter sorts of

mica, special ceramic materiale), which have an insignificantly emall angle of loss
at high frequencies, have a complex mixed typs of rupture.

At high temperatures, many dielectrics (glass and porcelatn) suffer ther-
m] rupture avan at low frequencies.

Finallyl;' any other dielectrica suffer thermal rupture ai low temperatures
and lov frequenciss. To this inferior group bsloag all lacquers, compounds, fibrous
materials, and many plastice.

-15 -
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Thus the theory ef thermal rupturs and the mractical formulas for cal-
culating puncture voltages parmit ane to select consclously and deliberatsly tho
proper insulations and to develop basic “achnical norms or standards for insalat-
ing materials.,

A geries of apecisl projects were mapped out to calculate and design in-
sulators for heavy machinery, aentemnas, cables, condensera, basically by the theory
of themmal rupture. As a result of this work standard norms were egtadliished for
the eloctrical charecteristics of lrcquers and compounds (insulation of elestricel
machines by the author Skanavi), ceramic materials (antemna insulators by Gaylish),
oile and paper (cable insulators by Bragin) etc,

Gaylieh's work exploited the theory of thermml rupture to permit further
yractical developnants,

All these investigntione disregardsd the more complex problem concerning .
the time variation of thermal rupture. All calculations were made for the simpli-
fied case where insulators were gubjected for long time intervals to comstant vol-
tagea. The coefficlent of "accumulation” of the insulator, vhich is deterxined not
oanly by the poceibility of thermal rupturs for prolonged cperation of the fnsulation
subjected to ordinary operating volteges but aleo, mainly, by 1ts stability againoi
alternating voltagec, cammot be sufficiently and accurately Aetermined by our theory
of thermal rupture, which makes the simplifying assumption that the voltage ie
&ppiled for any length of time decired. .

In recent years Grinberg, XKantorovich, and Isbsdev finally developed a
mothod of calculating thermal rupture which takes the time factor (the =scond aroup
of problems indicated above) projerly into comsideration.

Differentinl equatione thet describe the heating process in dielectrics
are extremsly complex. and are not amenable to exact intergration. Even in the
eimpler uniform case, it is necessary to intergrate t.o dets of differential
equations with partial derivatives of the second ordsy s nhone of which appear to
be linear. At first 1t was eolved by approximate numerical irtergration for spe-
ciric cases.

However merical intergration for evary individual case is extremely
time -consuming because of very unwieldy computations that are necessary,

Therefore, an approximate theory was developed to obtainm without a great
loss of time, basic . latioma vhich are sufficlently acourate for practical yur-
poses. The crux of the method 1s that the determined phyeical expresesions ceatain
a lav for the temperaturs distributicn within the Afelsciric apd electrode, ff a
yarabolic law of temperature distribution is assumed in dielectrics and antfiéiont]g
large electrodes, then the system of oquations 1s oongiderably simplified in dccm-
verisen with the first (the system obtained 1s an ordinary set of differentiai
equations of the first order). The calculation work 1s greatly shortemed, dut the

- integration still camnot be fully carried through and therefors numericel mu?-a-
tion muet again be adopted. The prodlem ie solved apalytically in this case if,
within the electrodes (exbernal heat insulation), the temperature 1s assumed to
be distributed not paratolically but linearliy. It may ceem that the indicated
law 16 converved in the greater part of the Irocess, at least if the eleuviiodes
are not vpry thick, The lergth of %he provious part of the process appears as a
emell part of dhe entire period vhich 18 nesded for the develomment of &he rupsure,

The thearetical rupture time, that 1s calculased by the indicated approxims-
tion method, is in sufficiently good correspondance with sxperiments. The rupture
time 18 found from the neceseary condi%ion that the dielectric temperatures be
equal to infinity. This condition can be satiafied ccly vhen ks applied voltage
is greater than the criticel voltage of thexrmal rupture, tnat is, a statiomary
state camnot exist in a dieleotric.




The rvsult of calculation for a f£lat condencer can be vrittoﬁ in Sh
folloving eimplified form: :
=_C, L,

- @ (4,

J,24-ac k2

vhere C; 4s the heat capac:l‘ty‘and £ 1a the density of the dielectric, end phi
equals:

o
= { =i 2 42, ; 2.
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o 1s the dlelectric conductivity whea the surrounding temporasure apd the osher

expressi .o are the same ag above,

2, EBlectrical Rupturs (Breakdown) in Solid Dielectrics
Soviet physicists are working sxtensively on electricel rupture or panctuxe,

The mechaniom of electrical rupsurs in dieiectrice is not compledely slear
as yot, The firet; but erromecus; nction expressed was that currenks, during elsc-
trical rupture of e80lid dielectrics, develop mainly because of imization.

Cur later ideas on the mecheniem of elect:ical rupture showed two clearly
distinguishable stages of develoment: prequantum and quantum-mechanicsl.

The old (jrequantim) theories led to calculated magniindes of punciurs
voltages that exceeded the exporimental values. Contemporary (quautum-mechanical)
theories give correst orders of wagnitude of the puncture voltages, bus not suffi-
ciently good correspemdence with oxperimental data. Therefore, it is difficuls %o
select the theory which is closest to reality.

The lack of satisfection wish the old theories is explained by the errore
of tho baeic nosasiors and Ly She fact thet they were developed by clasaical rather
tlian quantum-meshanical means.

All theories regard electrical rupture as fusion in ¥he di.lectric (the
simpler case usually examined in thecry is %he crystal dielsctric).

Trus, both thermal and electrical rupture can be considersd to lead o
the sawe thing; $hat is, to the thermal rupture of the dielechric The processes
leading %o this result are sharply differens.

- In thermal rupture, the dlelectric is strongly hested by the curren$, in-
creaging with $emperature, which in surm briigs abous a fursher heasing of the di-
electric due to this very curremt. The determining Zactor in shis process is the
lon curremd, which increases sharply wish temperature bus growve comparasively listle
under increasing fisld intensity.

During electrical rupture, the disturbance in the dielectric is of & thermal
mature and Is bdrought ahout by the increase in current wish increasing field in-
tensivy.

The determining factor in thie process is not the iomic current but the elec-
trical current, whizh is insignificantly small for weak fields bus which rises
sharply with incresse in field inbtemsity for strong fields. The elsctron flov or
current in the dielectric depends comparatively little upon temperature and there-
fore any electrical rupture develope only with increseing field intensities.
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The slectron current in crystal latilces can be of thres varitiea: purely
electronic, Direc, or composite. Tne energy distribution (spsctrum) of the crystal
lattice of = dlelectric is characterized first by the great width of the forbiddem
reglon dividing the conductiviity zone and the normal zone and second by the almost
complste abmence of electroms in the condr otivity zome. Under normal conditions,
therefore, the slectron current in the dlelsctric is 1naisn1moapt1y smell,

Between the normal zone and the :conductivity zone in all real dielectrics,
there are distributed localized discrete levels which can depend on: (a) foreign
atms gcattered in the lattices, (b) nfillew corners of the lattices, (o) mechan-
ical dlscurbances in the latilce, etc,

The electrons in these planes, in contrest t¢ the electroms in the praper
planes, are limited in their motion to very marrow regions within the cryatal. To
bring about an electron current in'a crystal dielsctric, it is necessars Lo eyrich
the conductivity zome with electrons and to deprive the normal zone of electrons.
These conditions in the presence of localized discrete intermediate pianeg in the
prohibited region can be £illed not only simultameously but also individually. The
motion of electrona from the localizel planes to the conductivity zone ensures a
purely electron current.

Pinally, the motion of electrons fram the normel zomss to comductivity
zones produces a compoeite electron-Dirac current.

Thus, to excite an electrom current in the Gielectric, its ilonirzing agents
must be excited to ensure evem one of the above indicated elactron motiont. A high
temperature a.i & strong field intensity are such ionizing agents. The first of
these lonizing agerts -- high temperature -- appears effective c¢nly for & amali
width of the prohibited tand, that 1s, in the case of .semiconductors. The dielec-
tric would have to be heated to a very high temperature, considerably greater than
its melting point, in oxrder to obtain in 1i a noticeable elsctrom current in a weak
field,

The ionizing possibility of & strong.field, on the other hani, - is sufficiently
effective for a dieleoctric. Ionization is dependent upon deformation of the epergy
d1stribution spectrum of the lattice, which defermation is brought about by the
application of a strong field and 1s expressed in the inclination and widening of
the zones, In the ionization process, the first effect 1s the basic factor. The
indicated deformation of the levels mmkee possibvle the vertical (with emergy loes)
and the horizomtal (without emergy loes) motion of elsctrons,

Horizontal motion is similar to the escape of eloctroms through & potential
barrier; vertical movement is similar to excitation,

Therefore two mechanisme of ionization mmet be distinguished: (1) impact
ionization (vertical motion) and (2) escape fonization {horizontal motion).

The contemporary theories of electrical rupture can be divided into two .
groups: (1) the theories based on the mechaniem of impact ionization and (2) the :
theories based on the tumneling effect.

The theories of impact jonization do not lead, in contrast to the old
theories, to the avalanche-like griwth of curremt with time since not only the
freeing process but also the fixi _ mrocess 1s comsidered i eleotrons. Now, the
present theories of impact ionizaticn in a solid dielectric 3o ot substiantiate

ning" in ¢hin laysrs, and the phenamencn was not encountered in experiments.

The work of Scviet physicists to discover the nature of the electrical
rupture mechanism has uncovered some experimemtel facte that,on the one hemd, sub-
atantiate the unucual role of the electron current during electrical rupture of
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dielactrica; and that, op the other hapd, show preference for the theory of the
punneling sffect in comparison with the theory of impact ionization (Vol'kenshteym).

The tunneling mechaniem of electricel rupture is characterized by almoot
gopplate independsnce of temperature and by ite sudden eppearance, Thede pacullar-
jtiss are indirectly substantiasted by the oxperimental data of Boviet sclentlsts.

The above-deascribed scheme of the nature of dielectrics and electrical
rupture is based on the "zonel” theory, which has been minutely developed for mstals,
The application of this theory to dislectrice appears only as a rough approxixzation
to actuality.

In 1936 - 37 Ya. I. Frenkel developed & different concept of the mature of
dielectrice. According to his versiom, a crystal dlelactric 1s treated se a com-
pressed gas in which every atom has ite normal compilement of slectrons. ™ o
Fxterpal [ surface eleCtrons van be. partly; tollected oaly. vhen the .
crystai 1s excited. luring apsorption of iight, one or the auous may not omly allow
an electron to bresak away but also become itsalf excited. In a gas, the excitation
etate can pass from cmne atom .o another during dollikiom, In & orystal, this trane-
for of excitation can occur without impact begause of’ intense interedtion betwesn
adjacont atems. Thue the sxcited stats seems to be able to move among the atoms in
pome vave law, Conseguently, the excited state can be trvated as certain fictitiocus
particles which Frenkel called "exitoms.” The abaence of a clearly sxpressed inter-
oal photoetfect in many crystals can be axplained by the concept that when the light
is quenched not "collectivized" elsctrons and Diracs are formed but sc-called eles-
trically neutral exitons.

Davydov developed a theory of gas rupture based on the fact that the ioniz-
ing impact of atoms with electrons precedes the excitation impact. Developing the
stated concept of the dielectric as a compressed gas, Frenksl drought out a formula
vhich gives the dependence of the electran comductivity of a cryetel upon field in-

tensity: ) -@
o=, & T,

where q 18 the elementary charge and E 1a tfhie field intensity. It is p-3sible
that further developments of thie proamising cowoept will make it possible to com-
struct a new theory of electrical rupture iff erystal dielectrics.

Actually, the electrical rupture appears in a group of dielectrics under
correspoiding conditions, The criteria of electrical rupture in the absence of
therzel rupture are (1) indspendence of temperature, (2) independence of the time
of duration of the applied voltage; and (3) disturbance of the dielectric at the
position of the largest field intensity (most often at the edge of the electrode).

These conditions, however, rarely appear simultaneously and campletely.
¥ost Aielectrics, depending on conditions, cea be ruptured by heat as well ae by
eslectriocal meens., For example, during prolonged action of the voltage, for ame
end the same dlslectric, thermal rupture can take place; during a short period,
‘electrical rupture can take pla~e. High temperatures and high frequencies, as was
shown abovs, cause all dieleotrics to undergo thermal rupture, etc. It is very
eseential, therefore, to eetablish not only the criteria of electrical rupture but
alao the canditione under which 1% will oocur in any dielectric, Soviet physicists
have played e great role in this work.

Very important (theorstically as well as pradtically) is the diecovery by
Soviet sclentists (Vul and others) of special forms of electrical rupture; namely,
incomplete rupture and dual rupture. It was shown that if the dieleciric (rock
salt, glass, mica, etc,) 1s subJect to the shocks of an iapulse voltage, somewhat
amaller than the puncture voltage, then tne dielectric begins to collapee.
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Howsver, this collapse ie not complete; complete rupture in the dielectric results
from shocks which leads to microscopic cracks, and sometimes even to visible crecks
and other signs of breakdown, in the dielectric.

A succepsion of incomplete ruptqrea cenn lead to definite rupture at
voltages almost cne half ss large ss the normsl puntture voltege. Such a gradual
rupture wvas found in cadle jeper, bakelite-paper panels snd micaniw-.

Gradual rupture develops in close comnection with the grmdwl breakdiowm
of the dielectric, becauss of not only ingemplete ruptures but elso towndary die-
sharges., In the presence of boundary discharges, gradual rupture is nossible for
an alternating voitage of lov frequency.

- The danger of gradual rupture in inmilators nacessitetes the remewed con-
i:d.embim of the constructiom, exploitatiom, and testing of high frequency imstal- o
tion, transformers, slectricel machines, cables, and transfer lines. The rupture ) s
of insulatore ir all these installations has a gradual nature, excopt for direct
Iightning shocks. Incamplete rupture of bhe ins Yator cen occur by shocks in an
{rratiopally conducted Insulation test, which will show up later in the post-test
exploitation of the installations.

‘ 3. Rupture of ILiguid Dislsctrica and Guses

_~ Boviet physiciets are ctudying not cgly rupture in eolid djelectrice, bus
2 also rupture in liquid dielectrics and partioculariy in gases.

The study of rupture in 1liquid {ieleqtrice bhas not yet resulted im solution
of its mechanims, but has explained many secondary effects (the role .f gas, vater,
etc.) which usually complicats the picture of ‘liquid rupture.

. . Soviet physicists have made great advances in the study of ruptyre in gases.
Here the physics of dielectrics comes close tg the physics of gassous discharge, 1

At present, speclal needs in the eleatrical industry have appeared in re-
lation to obtaining nonaging, thermostable, high-voltage insulators. As such.en
1nsu1ator, campresned gas began to be used (gna-filled cable, condensers with Com-
nresaed gas, etc.) These projects on rupture in gases are obviously of great prac-
tical value.

> Th~ influence of warious factors vpon rupture in inert geses (particularly,
; nitrogen) vae minutely and systematically atufied. The influsnce of presaure and ®
) tomperature, forms of tue electrodes, the intervals between the electrodes, exposure, )
oto. vas also stidied (the work of Vul, Gol‘dman, Xovalenko, Parmrs).

The electrical stability in various gasea was intensively studied, partic-
wlarly, with ‘the objective of finding a ?q 4 high electrical statility whose use
yould not necessitate such high preseures ss in thd uee of nitrogen (the work of

" Fokhberh, Zanberz, Kovalenke and others).

The electrical stability .of a gas 1s apparently connected with its
molecular veight. Geaes of low molecular veight bave low electriczl stability. On
the other hand, heavy gases are characterirzed by high electrical stability. Eow-
ever, ihiers iIs mo direct functiomml depenience betwesn molecular weight and electrical
stability.

The stydy of the electrical stabili*y in wvarious gases established a series =
of laws, particularly the law that the first coefficient of ionization {ionization
by elsctrons), occurring during rupture ju & gas, does not depend (or only a little)
oo the iniividvglity of the gre; furthermore, this study found a gas with great
electrical stability (2.5 times greater than the electrical stability of air) vhose
ugse &3 an insulgtor, for exampls inm high power condsmmsers, would not encounter any
aifficulties. This gns was called "elegna" (Fokhberg and othere).
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later, these projsctis wers further developed (Fokkberg, Zandberg).
Precise study established that the first coefficient nf ionization in various
gases attains the same value in sharply different field intensities.

These £ield intensities, for which the quantity alpha a%tsine cne and
the same valus, in various gases have the same relation to the field intemsity
in alr as the puncture intemeities of these grses do to the puncture intensitiss
of air. Thus 1t was simultansously established that the development of gms rup-
ture 15 chiafly and basically determined by electron impact fonization. The
rupture voltage depends only upon the dependence of the first ionizatiom co-
efficlent upon voltage.

4. The Fight Against the Aging of Electrical Insulators

In insulation techmology useful 1ife 18 very important. A long 11fe
in many cases can be assumed only ly spscial measures against aging.

The aging of insulation materisls wae tirst systematically studied by
Vul end Gol*dman. The aging of insulsting materials as influsnosd by high volt-
&ges depends on the Following facts: (1) heating of the insulator due to in-
creesed dielsctric losses, chiefly at high frequenciea, (or due to higher tem-
peratures at which the apparatus operates) leading to gradual thermpl rupturs
of the material; (2) lonization of air gaps within the insuldting reterial, whish
leads to local heating of the insulator, mechanical breablown of the insulator
due w0 spark discharge:s #n the air gaps, and chemical breakdown of the insulator
due to ozone and nitrogen oxides formed during iomization of the air gaps.

The first factor, gradual thermal breskdewn of the insulator, eliminstes
the haphazard selection of materials which have suitable thermostability and suf-
ficiently mmall angle of loss. In recent ysars the problem of thermostability in
insulators was intensively studied by Soviet pl;’yaicists and chemists, As a result
of their work, insulating lacquers with higher thermostability (chiefly graphite
lacquers) were developed and partially introduced into industry. Various types
of asbestos mterials (bands, paper) were developsd and were soon in wide use in
ineulation teclmology, especially in high-voltage electrical machines. Along with
thie, & series of mrojects on practical applications of the theory of heat rup-
ture soon established standards for the loss angle permissible in wvarious materials
to be used in electric machine comstruction, cable technology, amd high-frequency
work. These norms yuarantee the standard 1ife expscted of these materialas without
internal heating. Work was begun in the use of glass fiber in the technology of
cable and olectric machine construction which is hoped to increase grectly the
working temperatures and hence the power of nachines and cables.

In this group are included indastrial problems on hent conducting insu-
latore, beasically of aephalt apd quartz, which have already found practical ap-
plication.

The second factor that causes aging in ~‘sulators, namsly ionization of
alr layers, was studied in great detail and systematically by Skanavi, Konomykin,
and Bugel'. A method was developed for finmding incipient ionization.

Aging in insulators is caused not only by the iomization of occluded in-
ternal air, but aleo by coroma discharge on the insulaior surface, whicn can take
place at the edge of the insulating material and 1s not necessarily eliminated by
the "monolithic” comstruction of insulators {compact witlout ebarp projections that
could serve as corana Aischarge pointas).

Control of corone wes taken up by the Soviet physiciets Ilofte, Vul,
Gol'dman, Skanavi and others. Their work showed tbat the practical levelling of
the field at the edge of the insulating material cen be done by very simple means:
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by qovering the odges of the material end surface of the insulator with a lacquer
of high d4electric permeability or by covering with & semiconfuctive lacquer. The
second process includes the use of carbon-black asphnalis and carbon-black bamwlite
lacguers in heavy-duty electrical mechines, vhers they are ussd in cosbimadica vish
asbestos semiconductive bends.

-END -
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